NASA TECHNICAL MEMORANDUM 


NASA TM-76526 


STORING HYDROGEN IN THE FORM OP LIGHT 
ALLOY HYDRIDES 


E. rreund and C. Siiierm 


Translation of "Stockage de 1’ hydrogene sous forme d’hydrures 
d'alllages de mel^ux legers,” Institute Francaise du Petrole, 
Rueil-Malmalsorft'‘Lab Recherches Chemiques de Base, Pinal Report. 
No. IFP-26-209, July, 1978, p. 1-58 



(JIASA-TM-7652b) STOfilNG HYDHOGEN IM THE 
FOfiH OF LIGHT ALLOY HYOLIDLS (National 
Aeronautics and Space Adninistcation) 53 □ 

HC k\Jk/tl¥ AU 1 CSCL 07D 

GJ/25 




duel as 
4lo57 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON, D.C. 20546 MARCH 1981 


standahd title page 


!• Rtfott No, 2. Covornmofil Actottion No. 

NASA TM-76526 

3. N^. 

4. Titio oa 4 Sitbiiilo* 

STORING HYDROGEN IN THE FORM OF 
LIGHT ALLOY HYDRIDES 

s. 

March 1981 

4. P##1«rming 0#g«migtiOA Cod* 

7 . AwH>or( t) 

Freund, E., and Glllerm, C. 
InsCltut francais du Petrole 

1. Poflorming Orgoniaotton Rogort No* 

10. Worti Unit No. 

1 1 , Cenifoct 02 Cront No. 

NASw“3199 

Ro'lorminf Orfoniio'iofl Nomo on4 A44»o»o 

Leo Kanner Associates, F.O. Box 5187 
Redwood City, CA 94063 

13. Ty.o el Rooo'l on4 Pori.4 Co««.o4 

Translation 

12. Spentenny Ag«nty Nom* 

National Aeronautics and Space 
Administration# Washington, DC 20546 

14. SgoAiofing Agoney Co4o 

r ' ' — ' ■ 

i 15. Supol«m*nlary NoI*b 

Translation of **Stockage de I’hydrogene sous forme d’hydrures 
d’alliages de met^^x legers,** Institute Francais du Petrole, 
Rueil-Malmaisorf^ Lab Recherches Chemiques de Base, Final 
Reporto Report No. IFP-26-209, July, 1978, p. 1-58. 


16. Abitroct 


Di 

f f 

e 

re 

n t by 

dr ide 

s a 

re investig 

at 

ed 

to 

fin 

d 

a s 

y s t 

em 

with a 

su 

f f 

i 

ci 

en t ly 

high 

St 

orage dens 

i 

ty 

(at 1 

eas 

t 

3%) 

* 

The 

f 0 rm- 


io 

n 

0 

f hy d 

r ides 

wi 

th light a 

1 

lo 

ys 

i s 

exa 

m 

ined 

. R 

eac 

t ion 

k i 

ne 

t 

ic 

s for 

hy dr 

ide 

format ion 


we 

re 

de f 

ine 

d 

and 

ap 

pli 

ed to 

t h 

e 

s 

ys 

t ems 

Mg-Al 

-H. 

Mg-Al-Cu- 

H 

f 

Ti- 

-Al- 

H. 

T 

i-Al 

-Cu 

-H, 

and 

Ti 

-A 

1 

-N 

i"Ho 

Re su 

Its 

ind ica t e 

t 

ha 

t 1 

:he 

add 

i 

t ion 

of 

A1 


de 

St 

a 

bi 

1 izes 

MgH2 

an 

d TiH2 hyd 

r 

id 

es 

wh i 

le 

h 

av in 

g 0 

n ly 

a 

1 i 

mi 

t 

ed 

e f f e 

c t on 

th 

e storage 

d 

en 

s i 1 

ty • 








17. Kty Words (Stitcttd t>y Aulhor<t)) 

, 

IS, OittriSwtiOA Stotomont 

Unclassified-Unlimited 

t 

19. Socuntf CleiRif. io1 ropert) 

30. Socwvtty Cloitil. {o1 tHit gogo) 

31* No. of PogoB 

33. Pfico 

Unclassifiod 

Unclassified 




NASA HO 


Name of subsldlted Institution; 


INSTITUT TRANCAIS DU PETROLS 


Name of Laboratory ; Recherchee Chemlques de base (Basic Chemical 

Studies) I 

Address : 1 & 4, avenue de Bois Preau> B.P. 311» 92506t RUBIL-MALMAISON 

Cedex 


This document constitutes the final research report financed 
by the Delegation Generalc a la recherche sclentlflque et technique. 

Supplementary coordinated action: Hydrogen 

Date: July 1978 Financial grant no. 76-7-1507 


i 


ABSTRACT 


The initial putpoae was to find a ayatem with a sufficiently 
high storage density (at least 3X) and which is unstable (PH 2 about 
1 bar below 100*C). To accoieplish this* the formation of hydrides 
with light alloys was investigated. The formation of hydrides from 
an alloy is defined and applied to the systems examined: Mg-Al-H. 

Mg-Al-Cu-H, Ti-Al-H, Ti-Al-Cu-H and Ti-Al-Ni-H. Results showed that 
the addition of aluminum destabilizes MgH^ and TiH 2 hydrides while 
having only a limited effect on the storage density. The only 
hydride formed for magnesium alloys is MgH 2 . Mixed hydrides are 
obtained from titanium-aluminum alloys. The reaction kinetics for 
hydride formation or decomposition are slow, especially with mag- 
nesium alloys. 
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STORING HYDROGEN IN THE FORM OF LIGHT ALLOY HYDRIDES 


E. Freundt C. Gillerm 


A) INTRODUCTION 


/ 3 ^ 


The original purpose of the research program was essentially 
one of application: perfecting a method of storing hydrogen in con- 

junction with the hydrogen cell developed at the I.F.P. and capable 
of being used on light weight vehicles. 

Accordingly, a basic condition is that the fuel cell hydro- 
gen equipment be approximately equal to currently used power equip- 
ment (gasoline powered engine + tank). Considering the higher enei qy 
efficiency of the fuel cell, the amount of hydrogen needed for storage 
is about 5 kg (50% instead of 20% for the gasoline powered engine) » 
The characteristics of the tank must fit the following criteria (for 
this amount of hydrogen) : 

- volume of about 100 liters (40 liters for a ^^.asoline tank), 
total weight of about 100 kg (about 50 kg for the gasoline 

tank) • 


The effectiveness of currently conceivable means of storage 
is subject to limitations: 

Light weight materials (reinforced resins) must be used to 
manufacture containers holding the compressed hydrogen solution, 
making it possible to achieve a holding capacity of 4-5% by weight 
(10^^ kg tank), at a minimum pressure of 500 bars (tank volume: 120 

liters). At the present time, such containers are very costly and 
present safety problems; 


♦Numbers in the margin indicate pagination in the foreign text. 
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liquid hydrogen* obviously of great Interest with respect to 
its mass* can amount to large volumes (about 100 liters)* It is not 
a permanent method of storage and is costly on the basis of energy 
considerations (the energy consumed in the liquefaction process being 
approximately equal to 30Z of the potential chemical energy of hydro- 
gen) ; 


- chemical storage presents advantages for storage density and 
compactness. In the case of the catalytic conversion of methanol to 
water vapor* 5 kg of hydrogen can be obtained from 40 kg of a mixture 
of CH^OH + H^O out of a volume of 50 liters: the energy production 
is fairly high due to the low heat of reaction (5 kcal/H 2 gram-mole- 
cule). This type of storage is not reversible and it requires exten- 
sive auxiliary equipment (decomposition reactor and hydrogen separa- 
tor). This method has been conditionally adopted for electric genera- 
tors using the I.F.P. cell; 

reversible type metallic hydrides* where M is a metal or 

metallic alloy. Without reviewing the different groups of hydrides 
and the ways in which they are classified* it can be said that while 
the known compounds are generally compact (volume of about 30 to 50 
liters), the storage density is* nevertheless, low (I to 1 . 5^r by weight) 
This is the case* at least, for unstable hydrides (dissociation pres- 
sure is about one bar at ordinary temperatures), which require the 
use of prohibitively heavy storage vessels (350 to 500 kg). Other 
groups of hydrides* especially magnesium hydrides or hydrides of mag- 
nesium based alloys (Mg 2 Ni, MG 2 Cu)^ have a sufficient storage den- 
sity (7.6% for MgH^), but their thermodynamic stability is too great 
for the intended use (the normal decomposition pressure is more then 
300®C and the enthalpy of the decomposition process is high, with the 
result that the excess heat from the cell cannot be used*). 


*The I.F.P. cell operates at a temperature of 80®C. 


Storage In the form of hydrides is, thus, of interest only if /S 
a storage density equal to or greater than 3X is obtained for an 
unstable hydride (PH 2 congruent to 1 bar below 100''C). Consi- 
dering that the H/M ratio is less than 2Z for most alloys (usually 
close to IX), the mean atomic mass of the alloy must be at least 
equal to SO. Applications are, therefore, limited to the use of 
light metals and to their alloyages with transition metals in the 
first line on the periodic table (the remaining metals can occur in 
the alloys only as minor constituents). 

These requirements led us to investigate the following alloys: 

magnesium alloys with aluminum and transition metals, 
titanium alloys with the preceding metals. 

The present report gives the preliminary* results concerning 
the reactivity of these alloys to hydrogen. 

B) EXECUTION OF THE INVESTIGATION /6 


Three phases were planned In the research program: 

- exploratory investigation consisting of, first, the preparation 
and treatment of the alloys and, second, the formation of hydrides 
from the alloy, 

- physico-chemical characterization of formed hydrides, changes in 
alloys following a cycle of hydride formation - decomposition. 

The following methods were taken into consideration: structure 

using X diffraction, mo rp ho logical Investigation (scanning microscope). 


* A request was made in November 1977 to renew financial assistance 
for the same subject; the present report should be considered as 
an interim report. 
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pressurized thermo gravimetry ; 


- testing hydrides in a vessel seemed to be of Interest. 

As emphasis was placed on the exploratory aspect of the inves- 
tigation* the third study was not conducted*. 

The development of research efforts is detailed in appendix I. 

We shall examine successively: 1) the experimental methods used and 

the experimental process Itself (technical details are provided in 
the appendix)* 2) the theoretical criteria used to select the systems 
under consideration. 

1) EXPERIMENTAL TECHNIQUES AND CONDUCTING THE EXPERIMENTS 
a) Preparation of Alloys 

Several techniques were originally considered: melting in a re- 

fractory pot in an induction furnace (equipment available in the la- 
boratory)* casting in a plasma furnace on cooled melting pot. Finally, 
only the te^-hnique** of melting in the induction furnace with levita- 
tion was adopted. 

This technique presents the following advantages: 

- extremely reduced pollution; 

- homogeneous alloys which do not require melting; 

- few problems of volatility or of obtaining the desired stoichio- 
metry, 

- obtaining hardened alloys. 


*Until now, vessel testing has been limited to a few well-known 
hydrides (MgH^* ^^^MG^NiH^, FeTiH^ LaNi^H^) . 

**Developed by the Centre d'Etudes de Chimie Melt a 1 i ui gique de Vitry 
(Metallurgical Chemistry Research Center of Vitry). 

***lllegible in translator’s copy of original text. 
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Most slloys were prepared by the Centre d'Etudes dc Chimle 
M^teiTurgique with which there has been a Research Agreement since 
1976 (l.e. before the present research program started). 

Annealing treatments In Inert air (helium) or embrittlement treat-* 
ments In hydrogen were subject to limitations because of the consi- 
derable pollution caused (melting pots, air), especially In the case 
of titanium based alloys. 

b) Formation of Alloys 

Alloys were broken apart under controlled atmospheric conditions 
(glove box). Three cases may be distinguished: 

- brittle intermetall ic compounds (example: Hg^Ni). Standard grinding 
techniques are suitable, 

- soft metals (example: magnesium, magnesium-aluminum solids). They 
are broken apart by turnings; 

- metals which are both hard and unbrlttle (example: titanium, titan- 

ium-aluminum solids). In this case, a general solution to the prob- 
lem of grinding was net found. As a result, some of these alloys 
were studied without breaking them apart, negative results (lack of 
hydrogen absorption) must, therefore, be interpreted cautiously. 

c ) Hydrogenat ion of Alloys /8 

Hydrogenation was performed in an agitated autoclave making it 
possible to reach 650°C under 150 bars (see equipment description in 
appendix 11). All hydrides studied in detail were subjected to sev- 
eral cycles of formation: decomposition, heating to ASO-SSO^C for 

10 h, under 140 bars; slow cooling until reaching air temperature un- 
der 100 bars; decomposition of any hydride which may have been formed 
at 400-600"C under 1 bar; hydrogenation at lowest possible temperature. 
A computer program makes it possible to follow the H/M ratio of the 
sample through various operations. 
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This set^^up proved to be inedequste to investigate hydrides which 
are stable, but not very reactive. For reasons of kinetics, it is 
necessary to operate above 300*C, at least for the first activation. 
The dissociation pressure must, therefore, be greater than the maxi- 
mum pressure which can be obtained in the equipment (if PH 2 ie approx- 
imately equal to 1 bar at lOO'^C, PH^ is approximately equal to 1,0U0 
bars at 400^0* A high pressure autoclave (2,000 bars at 600*C) is 
currently being set up (see appendix II for detailed description). 

High pressures have been used in other laboratories for the hydrogena- 
tion of alloys with little reactivity (for example, references (8) 
and (12), Appendix IV). 

d ) Physico-Chemical Characterization of Alloys and Hydrides 

Raw alloys were Identified by means of X diffraction; only mono- 
phasic alloys or basic mixtures were cubjected to hydrogenation. The 
hydrides formed were examined before and after decomposition of the 
hydride, in order to bring to light any possible irreversible changes 
in the raw alloy. For unstable hydrides (FeTI or LaNi^ type), Linde- 
man tubes filled inside a glove box were used. 

Various samples were systematically examined under a scanning 
microscope (study of texture) and under a Castaing microprobe to de- 
termine the composition and distribution of the various phases and to 
identify any possible segregations. 

Use of a pressurized thermogravimetry was planned during the de- 
sign stage of the research program in order to investigate the ther- 
modynamic proper^ tes ana kinetics of formed products (especially ab- 
sorption isotherms, formation and decomposition kinetics). The pres- 
surized thermobalance installed at the beginning of the contract was 
never operational and was returned to the manufacturer in May 1978. 

The study of isotherms was, therefore, performed by volumetry, using 
hydrogenation equipment; its use was restricted to a limited number 
of hydrides. Only desorption curves were generally determined. This 
method is not very accurate, especially for metals with little reac- 
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clvity (caa« of magncsiun or alualnun aagnttiua alloys). Tha dacoa* 
position kinatics can also be approxiaatcd by voluaatry. 

•) Investigation of Catalytic Properties 

The reactivity of hydrides can be easily approxiaated by aeasur- 
ing their hydrogenating properties. Prel ial nary tests of hydrogena- 
tion in the liquid phase were performed; the tests adopted were for 
the hydrogenation of benzene end cyclohexene. 

2) SELECTING THE SYSTEMS TO BE INVESTIGATED 

The conditions described in the introduction led to the adoption 
of type alloys, where M is a light eleaent forming a stable hydride 

and M* is a metal (or an alloy) of low atomic mass, which does not form 
hydrides or which forms unstable hydrides. 

For metal M., the study was focussed on magnesium and titanium, / 1 0 
although other metals are of considerable interest (especially lithium, 
sodium, calcium*). The first series of transition metals may be con- 
sidered for M’ : Cr, Mn, Fe, Co, Ni, Cu) , which are already being em- 
ployed in ternary hydrides, such as TiM' or REM’^ (RE: rare earth); 

another metal of prime Interest is aluminum, the AlH. hydride of which 

^ 5 

can bo formed only by indirect means and is unstable (PHj • 10 bars 
at 20 *C (!)). 

At the present time, there are no well developed theoretical 
guides making It possible to determine 1) If a hydride will form from 
a given alloy; 2) what the stability of a formed hydride will be. We 
were, nevertheless, able to base our research on a few rules borrowed 
from Van Mul (2) and from Pous and Lutz (3); 


*With Che exception of calcium, these metals are discarded on the 
basis of the following considerations. Calcium is less interesting 
than magnesium with regard to mass. 
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- thcraodynanic criterion: the hydride foraed from an inter- 

aetallic coapound decreaeee in etability ea the intoraetallic coa- 
pound iteelf increaaea in etability (2). Thia rule la applicable 
only to alloya belcnging to one group (for exaaple RE (M'» M*« 

M'*, which are aetala belonging to group VII); 

- electronic criterion: the natu<'t: rtnd stability of the hydride 

in an interaetallic coapound aay be related to the mean nuaber of 
electrona (ne) contributing to the actal-aetal bond in the raw alloy 
(3). If ne is leas than 2, an ionic type hydride is obtained. When 

nc is greater than 5.5 - 6, the presence of hydrogen in the tetrahedral 
sites of the network is not coapatible with the aetal nature of the 
structure. For unstable hydrides (FeTit LaNi^), ne is equal to approx- 
iaately 5 - 5.5. 

Whe ^ is less than or equal to ne and ne is lees than 5, hydrides 
of interaediate stability are obtained (Mg^Ni: ne is approxlaately / 1 1 

3.33). This criterion has been systematically used to select systems 
and compounds within a system (the values are not the same as those 
proposed in ( 3) ) ; 

- structural criteria: for each type of structure, there is a 

range in whic" the crystalline parameters must be found in order to 
form a hydride of appropriate stability. The latter criterion is often 
applicable, especially for most binary Intermetalllc compounds. 

From the preceding criteria, we may deduce, for example: 

- that the addition of aluminum will destabilize magnesium hydrides, 
because aluminum is both more compact and has a higher number than 
magnes ium ; 

- that in the Mg-Al-Cu and .Mg-Al-Ni systems, the ternaries which have 
a high aluminum + transition metal content must lead to unstable hy- 
drides. In figure 1, we have shown the region of the Mg-Al-Nl ter- 
nary in which ne is greater than or equal to 4; 
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- that in the Ti-Al system, two effects are contradictory (compact- 
ness increases, but does not decrease); 

- that it must be possible to obtain hydrides of intermediate sta- 
bility in the Ti-Al-Ni system. 

Before presenting the analysis of results, it should be pointed 
out that appendix IV provides a recenc bibliography on hydrides of 
light aetals. 

C) ANALYSIS AND INTERPRETATION OF RESULTS / 

We shall examine successively: the preliminary tests of known 

systems, the study of alloys and magnesium or titanium based hydrides. 

PRELIMINARY TESTS 


They were conducted on pure metals: vanadium, titanium, magne- 

sium and LaNi^, Ti-Ni, Mg 2 Ni and Mg 2 Cu alloys. A more thorough study 
was conducted on magnesium and its alloyage with nickel and copper. 

a ) Miscellaneous Testing 

initiation and kinetics of hydrogenation are rapid only for 
vanadium (96%) and the alloy LaNi^ (99.5%), as the latter reacts at 
60°C. The very pure titanium used* reacts under 50 bars only at tem- 
peratures exceeding 500°C, because the reaction is very rapid once it 
initiates. For less pure titanium, the reaction starts at 300®C. Im- 
purities, therefore, seem to have a prime influence on reaction kine- 
tics. For the Ti-NiH system, we have checked that the ternary hydride 
Ti-NiH is obtained only at low temperatures; at 300®C, TiH. is formed. 




b ) Magnealutt Hydride 


Even ^.hough this hydride has been studied with regard to both 
thermodynamics (1) and kinetics (appendix IV, references (1) (2)), 
the available data are relatively contradictory, especially with re- 
gard to formation kinetics: the maximum hydrogenation rate obtained 
by direct synthesis and the deactivation process. 
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Formation kinetics was studied between 350 and 450®C under high / 1 3 
pressure (P - 120 bars). The reaction is slow* the hydrogenation 
time is still 8 h at 450®C. The maximum rate of hydrogenation depends 
on the granulometry of the sample* as rates exceeding 90% could be 
reached only with particles with diameters of less than 100 microns. 

If we begin with massive samples (for example, wire with a diameter 
of 1 mm), the reaction stops at very slow development rates. This 
behavior may be interpreted well according to the mechanism proposed 
by Stander (Appendix IV, reference (1)): there are diffusion limita- 

tions following an initial phase consisting of a superficial reaction. 
The kinetics law proposed by Stander, consisting of an instantaneous 
germination and a two dimensional growth of seeds, seems to be con- 
firmed by the appearance of hydrides under the scanning microscope 
(figure 2 and 3); the initial turnings (diameter of 30 to 100 mi- 
crons) are transformed into a stack of then plates a few microns thick. 
Similar morpholgies were observed for LaNi^H^. 

We tried to obtain isotherms between 300 and 450® by reacting 
in desorption. According to (4), the isotherms present well defined 
pressure levels practically extending from Mg to MgH 2 ♦ at least until 
reaching 500®C. An example of a desorption isotherm curve is given 
in figure 4 . 


There was no indication of a pressure plateau. It was observed 
experimentally that the decomposition reaction which was rapid at 
first when the pressure of system P is very different from the dis- 
sociation pressure of hydride Pe slows down when P approached Pe. 




Aeeorditig to ptotouro ttoaiuroMoto • fottetioii pf ti««} tho p4«a« 
at apuilibriu* raqutraa a raactioa tiao of aota tbaa 24 ti* for aacb 
axpariaeatal polat . A thoraotrovlaatrie iaroatigatloa* tlnr«for«i 
aoaaa to ba prafarabla. Tbia problaa» ralatod to tba loa roactlvltp /14 
of aatoaaiua hydrlda. ahould occur for otbor bpdridoa <lavaatlgato4 
balov) . Accordingly* tba abapa of tba axpariaantal iaotbara cvrvaa 
la not nacaaaarlly charactariatlc of tha tbaraodynaaica of bydrida 
daaorptlon. 

During loading-unloading cyclaa* tba aaxlaua abaorption capacity 
increasea* as Che coapleta convaraion of aagnesiua into a bydrida ia 
obtained in 3 or 4 cyclaa. Daactivationa obaerved in a few caaea 
could be due to the presence of iapurltlea (oxygen* water). The fi- 
nal hydride is only aoderately broken apart (fine X diffraction rays); 
the initial morphology of Che sample is partially preserved (see mi- 
crophotographies in figures 5 and 6). 

c) Mg-Cu-H and Mg-Ni-H Systems 

First* for the Mg-Cu system* the results of Reilly and Wiswall 
for Mg 2 Cu (5) are confirmed. Hydrogenation is somewhat easier for 
pure magnesium and the reaction is complete even with an unbroken up 
sample* it corresponds correctly to the overall stoechloneter . 


■» 32 ^ ^ 3 KeHg 


The initial alloy Mg^Cu disappears completely. The preceding reac- 
tion* however, does not seem to be perfectly reversible; Mg 2 Cu is 
not formed again stoechlmetrically by decomposition of the MgR 2 
NgCu. mixture. In this system, the second intermetallic compound 

^ O 

MgCu 2 of structure C^^* with parameter a ■ 7.02 - 7.05 A necessarily 
leads to an unstable hydride. The negative results obtained by Reilly 
and Wiswall under low pressure (30 bars* 300*C)* therefore* do not 
exclude the existence of a hydride. The reaction can be brought to 
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iltht only «t bigli pr«stttirtt» low toaetlvity of th* Mg-Cw 

■yttM r«sttlti itt •ufflcloBtly gigg oetlvoti«ft tottfocatovao* 

for tha gg Mg-gi-H syttaat wa gava axaalaad ia datail tha eoa« 

atltuaata ranglag from Hg to gggl 2 > for tBa coapouad gg 2 gl» tha raw 

alloy ia practically aoBophaaie* with laaa tgaa 3X Mggl 2 * Tba raac- 

tioa laitlataa at 200*G. Tha diffractioa apactrua of thla coapoaad 

la diacuaaad la appaadlx V; tha dlagraa caaaot ha aatahllahad froa 

tha atructoral data propoaad by tallly aad Wlawall. Tha raactloa la 

reveralbla batwaaa 200 and S00*C. Howavar* tha raw alloy Mg 2 gl varlaa 

throughout ^ttrcpsalva loadlag-ualoadlag cyclaa: tha X diffractioa 

raya hacoaa anlargad (dacraaaa io tha aiaa of cryatallitaa or appaar- 

aoce of flawa) and tha cryatalllna paraaatera Incraaaa. Tha coapouad 

• • 

Mggl 2 t of atructure with a ■ 4.815 A* c ■ 15*80 A and na ■ 4.9 
ahould lead to an unstable hydride, such aa HgCu 2 « There waa no 
visible reaction between 100 and 500*C, under 140 hare, possibly due 
to kinetics, as was the case previously. 


2) INVESTIGATION OF SYSTEMS; Mg-Al-M*-H (M’ - Cu or Ni) 


A) Mg-Al-H System 

The phase diagram (figure 7) brings to light a solid solution 
saturated at ambient temperature for 1.5Z aluminum, a solid solution 
y of structure A12 theoretically corresponding to Mgj^^Alj ^2 based 

on compound Mg^Al 2 » and a solid solution A practically corresponding 
to Mg^Al^. A fourth phase would appear only below 390*C, for 43X 
magnesium. The entire range of 0-701 aluminum composition was ex- 
plored. Three phases b,Y ^ were obtained pure, the other 

phases j\ and ^ were obtained for various compositions • 

Phase I, of unknown structure, was probably combined with the 
solid solution V which has a low magnesium content. Solid solutions 
f, are poorly crystallised (enlargement of X diffraction rays). / 16 


I 

The overall results for the hydrogenation of these alloys are j 
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•iA*«rte«d in f«bl« II. Ocntrally of 

lov«t« tk« liy4rot«ii ttom 7*6X Nil^ €4 

Mf 2^^3 tia4«f o«kr •xparlaantal eon41tlont. laactlotts obaaa¥«4 4ttriag 
liy4rog«a«£lo& «r« eosplax. 

tagiaxittg wlcb ptiasc ytH^Al^) MgB2 !• forxad «ad phase 
41 xlfilshes prograsaivaly * hecausa tha xagaaalaa coataat and phaaa tV! 
hava not raactad. Tha raactlon xay, tharafora* ha axpraaaadt 

^1^ > SHgSj 2J%J0i^ {?) ' 

which should correspond to a hydrogen content of 2 . 46 Z by weight for 
a conplata reaction. This value ia virtually reached for this con** 
position} only a snail quantity of phase is visible after reac- 
tion. For compound reaction: 


giving a theoretical content of 2 . 29 Z. The experimental content is 
slightly higher, which should correspond to the formation of a phase 
^ with a high aluminum content (MgQ 35‘^^Q q 5 instead of ^ 8 q^ 441 q^^). 
or a partial hydrogenation of Mg2Al2. The desorption isotherm obtained 
at 480*C for Mg2Al2H2 g (figure 8) does not present a pressure plateau. 

The mean decomposition pressure is higher than for magnesium hydride, 
even though there was no ternary hydride formation. The absence of 
pressure plateaus may be partially due to kinetics as the reaction 
speeds are comparable to those observed for pure magnesium. Actually, 
the hydride formation reaction from phase * is more complex than that / 1 7 
observed for Mg2Cu. In the latter case, the reaction 2Hc,Cu 3 H, 

^ Involves only defined compounds, whereas we have 

here! 

solution y ♦ ^ ♦ nolutioc /j , 


* Illegible in translator's copy of original French text. 
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Th« eoBpositloa of tolutloao ’ «r« rotultiat 

in • variatiott ia fraa raaetloa aaarty <by traB~«ol«ettlaa of hy4ros«a) 
aa tha raaetloa proiraasaa and, eonaaqaaatlyt a rarlatloa la tlia dla- 
aoelattoa praaaura aloag aa laothara. Tba hydride foraatloa raaetloa 
aaeaa reveralblai after daeoapoaltloa (400*C» 98, “ ^ bar), a aav 

m ■ 

pbaaa ^ ia obtaiaad. Tha daeoapoaltoa of aagaaalua hydrlda la eoa* 
plate oaly at taaparaturaa axcaadlag 350*C. 

Hith phaaa va ahould have tha raaetloa: 

HggAlj ♦‘Mg' ^ 2^2 **■ 

thla atoachloaatry corraaponda to a fairly Intaraating coataat of 
2.9X by vaight. Tha lowar axparlaantal value (1.77X) indlcataa aa 
incoaplate reaction in which a mixture of magneaiua hydride, aluminua 
hydride and phase 3 with low magnasiuB content (Mg^ 37 ^^q ^3 ioatead 
of MgQ^^AlQ^g) ia obtained. Tha reaction is reversible, at least with- 
in the teaperature range explored (350-450*0). The desorption isotherma 
obtained between 350 and 400*0 do not represent a well defined pressure 
plateau (figure 9). We aay see a considerable destabilisation rela- 
tive to pure aagnesiua ( (PH^Al^Hx/ (PH 2 ) NgH^ is congruent to 3 to 4 
at a given teaperature; this corresponds, for a given pressure, to an 
increase of at least 60-80*C for the decoapositlon teaperature). The 
absence of a pressure plateau is probably related to factors of kine- 
tics as the reaction of hydride formation involves only well defined 
compounds and solid solution ;> , the composition of which can vary 

only within a very narrow range. 

Alloys of compounds with higher aluminum contents than phase S 
are diphasic (Al + rhasi; a) and we may observe the exclusive formation 
of MgH 2 with decomposition of phase ft, . The reactivity of this 
type of alloy decreases as the aluminum content Increases. 

b) Mg-Al-Cu-H System 


The Ng-Al-Cu system is not very well known. Among the ternary 


coapound* daacribad to this •yataa* «• war* abla to dataet 3 tavaary 
coapoaada Mt^Al^Ca* MidlGa aad MtjAijGtt. two a6kar atoaelitaatriaa 
pabllahadt Mg^Al^Ca^ and MSAI 2 C 11 caault In nisturaa of MgAlCv and 
two unknown tarnarlaa (or binarlaa). Only tka alloy wltk tka higkaat 
nafttaaitta coatant (Mg^Al^Cu) hydrogaaataa (130 bars, 430*C) wltb fov- 
nation of MgB 2 » fraa aluainua and an uaknowa taroary (MgAl 2 Cu?) . Haat 
traataant In bydrogan provokaa a ehanga in otbar alloya* but without 
noticaabla abtorption (tabla IX). Tbaaa alloya aaaa to ba of littla 
intaraat: low atoragOt poor raactivity. highly coaplax raactiona. 
Savaral naw phaaea wara brought to light. Indaxation of thair dif* 
fraction diagraa would raquira a auch nora detailed atudy of the dia> 
gran of phaae Mg-Al-Cu. 

c) Mx-Al-Hi-H Systea 

The Mg-Al-Mi ternary dlagran is not known in detail. High alu** 
ninua contents should lead to unstable hydrides. With the nelting 
technique used, it was not possible to prepare hoaogeneous ternary 
alloys, even though several aethods were atteapted (coabining aag- 
nesiua with alloys Ml-Al: difficult because of the high melting 

points of alloys Ni-Al; combining aluminum with binaries Ni-Mg: dif- 

ficult because of the highly exothermic characteristic of the reaction). 
Other techniques will be used (progressive addition of nickel to alloy 
Mg-Al) . 

3) INVESTIGATION OF SYSTEMS; Ti-Al-M'-H (M* ■ Cu or Ni) /19 

a) Ti-Al-H System 

A simplified phase diagram of the Ti-Al system is provided in 
figure 10. The range corresponding to phase a in actually complex; 
two phases (see appendix IV. reference (14)). For the 

temperatures taken into consideration in this study, it is possible 
to distinguish 3 ranges: 

- ^ type solid solutions of hexagonal structure, the parameters 
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4«ev««s« «• th« aluBlauB eontaat incraatas* Tha ooapeattloa of chata 
soltttiono laeludaa pura titaalua for a coapoaieloa cloaa to TijAl 

^** 0 . 635 ^^ 0 . 365 ^* 

** V ^yp* solid aolutioas of caatarad faca tatragoaal atraetara 
(Gu Au typa). for tha coapouad TlAl tha paraaatara ara a • 3.99 A| 

6 •• 4.07 A aad thay aaat tba eoadltioas raqairad for tha foraatioa of 
hfdrldaa. Tha coapositioa of thaaa aolations actually iacludaa TtAl 

^**0.51^*0.49^ **0.42^*0.58 ^*^*^^** **^^2**3^* 

- TiAl, coapouad (solid solution of dafinita composition ia tha 
3 • • 

fora of a tatragoaal atructura (DO 22 ) aith a • 5. 4. 3. 5 A. c • 6.591 A. 
A stabla hydrida doss not hava to ba formed for this coapouad. 

We have examined the raages corresponding to solid solutions 
o(Ti^Al x<2>, Y(?i4a,. 1<X<1,36), as wall as the compound TlAl^. 

Part of the results is summarised in table 3. It should ba pointed 
out that some of these alloys were examined without being broken 
apart . 


For compound Tl^Al (phase e , ) , if we assume that there Is a 

formation of titanium hydride, we should have: 


which is a stoechiaetry corresponding to 3.42 hydrogen. The content 
observed is lower and remains constant after reaction of phase , 

which has not reacted (composition of this residual phase: TI 2 AI /20 

according to the value of crystalline parameters). A poorly crystal* 
Used titanium is formed, but there is no detection of aluminum. We 
may, therefore, conclude that a hydride with a high titanium content 
is formed. The characterisation of this system currently being 
established . 

For the compound Ti 2 Al (phase « ), the formation of a titanium 
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hy4rid« eoultf b« r«yr«««ntttd by •qaatioat 



^8ta^ ♦ il^ 

which * thaeratleai hydrogaa eontant of 3.6X. Thia valwa la 

alwoat raachad (3.2Z), but aluainua la not datactad whan X diffrac- 
tion is naad. Tha apactruw obtainad aftar hydroganation ia raaark- 
abla in that tha titanlua hydrida obtainad raaulta in axtraaaly an- 
largad diffraction raya corraaponding to a vary aaall aaan cryatallita 
diaanaion (about 50 4) (figura 11). For thia coapoaitlon, it ia alao 
poaaibla to fora a tarnary hydrida* but uao of X diffraction ia not 
concluaive. The Invaatigation of na^orptlon iaothama ia currently 
being conducted. Syntheala of the hydride will alao be teated at 
aoderate tenperaturea (100-200*C inatead of 400-450*0). 

Phaae Y could not be obtained In pure fora ( e or TlAl^' 
alxturea). The coablnatlona obtained were exaalned without breaking 
then apart. No reaction waa obtained. Any hydride foraed la unatable. 
The reaction: 


Till + Hg ^ Ti2g + A1 


ia not expected to lead to well defined pressure plateaus because of 
the stoechiaetry of phase y • hydrogen content should reaaln suf- 

ficient (2.6Z). 

Finally, coapound TlAl^ does not produce any reaction. The 
reaction ■*- E. — ^ TiH. 3A1 would not be of Interest /21 

on the basis of aass considerations (1.6 by weight) If It was pro- 
duced . 

b) Tl-Al-Cu-H Systea 

The Tl-Al-Cu ternary dlagraa la not known and haa not been ex- 


17 


•xplortd froa tli* tli«or«tie«l point of vlov. Vo hovo otudiod oyo- 
tono tlAlCtt and TlAl2Cv2» prooontod no tnrancy conpottoda In publico- 
tlona. Tba ayaton TlAlCn actually conatltutaa a ternary conpound* 
nblcb doaa not bydrosanata. Tba aacond ayataa laada to a alntura of 
Ti(Al, Ctt)2t tltaniun and a third unldantlflod pbaaa (tarnaryt). 

Tblo nlxtura doaa not raact altbar. Exploration of tbla ayatan baa 
not baan ranavad. 

c) Tl-Al-Hl-H Syatan 

Ho bavo tttad cha tbaoretlcal dlagrans propoaod by Spancar (6) 
and Ansara (7) (sac figuro 12). Tbaaa diagrana bring to light aavaral 
ternary coapounda: T1A12V1* TlAllll2> 

Exploration of tbla ayataa la atlll vary Incoaplota. Ona ra- 
aarkabla cbaractarlatlc of tba tarnary alloya Tl-Ml-Al obtained in 
tba region of high tltaniun concentration la that they are inauffi- 
icantly cryetalliaad (conaiderabla anlargenant of diffraction raya) 
after hydrogenation, becauac the hydridaa obtained are T1H2 and aixad 
hydridaa Ti-Hi-H (aapaclally TiNiH^ ^). Figure 13 givaa an axaapla 
of the diffraction apectrun (raw alloy Ti^ ^^Iq 3^* 

gion of high nickel or aluainua contenta (A1 * Hi ia at being at laaat 
equal 22 Ti), no reaction waa viaible. The TiAlMi ayatea actually cor- 
reaponda to a mixture of phaae (TiAlMi2 TlAl^ (?) 4- 7). 

Thia ayatea la currently being explored to investigate peeudo- 
binariea TiHi - TI2AI and Ti2Mi-TiAl. 

COMCLUSIOH /22 


Two alloy groupa were atudled: aagneaiua alloya and particu- 

larly tltaniua alloys. Results uhow that the addition of aluainua 
to basic aetals, such as aagneaiua and titanium aeeaa to have an in- 
teresting effect: 

- it destabilises hydrides in the case of aagneaiua. This nay 
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b« lat«rpr«t«d bp tb« format loa of eoapoanda or atabla magaoalvB* 
aluainoa aoltdo (producing uaacablo bydridoa)* bp tba daeraaaa in 
intoraotallie difforaneoa and bp tba Ineraaaa in tba alaetrle danaitp 


- It ahottld load to tba foraatlon of aisod bpdrldao In tba eaaa 
of tltaniua. Thaoa hpdrldaa abould not ba naarlp aa atabla at Xt 82 » 
bacauoa of tba daeraaaa In Intaraatalllc diffarancaa. According to 
tttdaan at al. (appandix IV, rafaranca (14), unatabla bpdridaa can 


ba obtained froa tba Ti^Al apataa; 

~ it dacraaaos tba atoraga danaitp, but baeauaa of tba lov atonic 
aaaa of alualuua, tba raaidual atoraga ia atill conaidarabla in sona 
caaaa (batwaan 2,5 and 3.5X by waight). 

On tba othar hand, it ganarally doaa not iaprova reaction kinatica; 
the reactivity of aagnaaiua-aluninun alloya raaalns conparabla to that 
of pure aagnealuB. The high taaperaturea required to activiate the 
alloya ia not conducive to the formation of ternary hydrldaa. Tbaaa 
taaperaturea even make it iapoaalbla to obtain unatabla hydrldaa (tha 
diaaociation praaaurc ia higher at thaaa tamparaturas than the aaxlaua 
obtainable preaaure in tha plant). Tha Invaatlgatlon of auch apatama 
will, therefore, be reaumed uaing extrema conditions of hydrogenation 
(vary high preaaure permitting unatabla hydridaa to be formed at tarn- 
peraturea of 200-250*0, 


Several ternary aystaaa have alao bean explored: magnaaiua, 

aluminum, copper or nickel, copper or nickel titanium aluminum. Sya- 
tama uaing copper do not aaaa to have interesting affects: poor 

reactivity, low storage density, no formation of mixed hydrides. Tha 
addition of nickel, which produces interesting affects in tha case of 
tha binaries Mg-Mi and Ti-Ni (formation of reactive hydrides, destabi- 
lisation), has still not produced new compounds in ternary systems: 
N-Al-Ni. A more systematic and extensive investigation of these sys- 
tems is neceasary. Before such an investigation is initiated, an 
approximate phase diagram for raw alloys should at least be established. 
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Thtt praetleai vhleH «• liav* orlgtMilly tea* ckara* 

fora» Bot fcaaB raaeba4 at thia ataga of tha aaaaacali gragvaa* M 
asgletatovjr iavaatigaCioa «aat eoBtlaua vltlilB tlM ramgaa «a liaoa 
BOV graeiaaly 4afiBa4t Mg-Ai bb4 Ti-Ai kiBaaiaa* fet AigA bImUimi 
eoBtaBtot Mg-Al-li bb4 91-Al-Ai tarBarlaa. ABotAar agataa alao aaava 
to Aa iBtaraatlBgt Tl-Mg-Al iB ragloBa of AigA airalBvB aoBtoBta. 


Xb tha roBaifiAar of tAa prograa vAlcA vaa AafiaaA 1 b tAa gati- 
tiOB t? raBov raaaarcA aaalataBca for tAa oaaa attAjaot* tAa roBga 
of oA«.si.BaAla axgarlBOBtal eoBfitioBa vill Aa aBtoB4a4 Ag uaiag a 
aarg AigA grasaura autoelaaa ao4 a graaottritad tAarBoAolaaea aat-«g 
OB tAa Bodal garfaetaA at tAa laAoratorg for raactiaitg of 8oX14a at 
tha Oaivaraitg of Dijoo (Nr. 6arar4). It lOt tAua* Aogafal that all 
Agdrldaa wAicA can Aa foraad vill Aa fonod (laeludiBg tAoaa fouad ia 
tAa agataaa alraadg axploradt caaa of Ngii 2 * NgCtt 2 t ate.). TAa tAar- 
Bodgnaaie gropartiaa vill alao Aa aecaratalg atodiad togathar 
witA tAa kinatlca of varlationa occurriag in tAa producta oAtainad. 


AnotAar aapact of tha prograa will Aa to iaprova tAa cAaraetaria- 
tlca of tha kiaatica of tha foraad producta. Evan though tAa Aaalc 
problea ia concarnad with tharaodyBaaica, thia aapact aAould BOt Aa 
laft out* particularly alncc tha ayataaa uadar coaaidaratloB (light 
alloya cootaialBg aluaiaua) will baaically Aava iaauffieicat raactiwity 
Aa attractlva aad ralatlvaly gaocral aolutioa waa auggaatad by tha 
taaa of Profaaaor Haguaaullar (appaadix IV. rafaroaca (4)). la ordar 
to perfect aa optiaal procedure raquirlag tha uaa of a bIbIbub cata- 
lytic coataat* it aoaaad iatarcatiag to atudy tha hydrogaaatiag gro- 
partiaa of a cartaia ausbar of Aydridaa* togathar with the variatiooa 
of theaa propertiaa aa a fuactioa of varioua traataeata. Variatioaa 
through auccaaaivo loadiag-unloadiag cyclaa will affect the rata of 
Aydrogaaat ioa« tha fiaal co<ipoaitioa of tha aatal alloy ead the varioua 
iapuritiaa occurriag ia the iaitial phaao or raaultiag froa the gaaaoua 
phaaa. Accordiagly. a liaitad auabar of producta will ba taatad for 
Aydrogaaat iag raactioaa (Aydrogaaatioa of athylaaa or baaaaaa ia the 
gaaaoua phaaa; hydrogeaatioa of cycloAaxaaa or baaaaaa ia tha liquid 
phaaa). Soaa hydridaa (LaKi^H^* FiTiB^ ^)t aoraovar, aaoa to hava 


lBte«r«stiAS cBtBlytie «ff«ct 9 . 

Tb« •«eott4 lapertant eottsB^uaiie* of thlo roooorch lo tbot» iB- 
diroetlf. it roBttltod 1b tb« p«rf«ctloB of b bow aotbod to otovo 
hydrofOB without uoiBt hydridos. k VroBOh potOBt lo holBg oppilod 
for. Th« chorBetoriitieo of this BBthod of otoroto «roi 

- tOBporary otorato (atoraga oo a light waight wahicla for obo waak 
without hydrogao loaaoa); 

- waight of hydrogao took: adaorbiog alona 15 to 25 kg« took aod 
aquipaant 10 to 15 kg par kg of hydrogao. For tha typical took 
daacribad in tha introduction (5 kg hydrogan). wa should ha abla 
to obtain a storage dansity of 4X; 

- tank volume 30 to 501 /k>|:.. 

This type of storage would, therefore, ba considerably lass coa- 
pact than for existing hydrides, but aore efficient on tha basis of 
aass considerations (with tha exception of nagnasiua hydrides). 
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TABLE II 
g»Al-Chi«H SYSTEM 


ALLOY X STRUCTURE H/M 9^ ¥T 


X STRUCTURE IN H, 
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^‘^32 

0.4 

1.3 

K£^ (AJCu)^ * 
A1 * -b- 

JIcAlCu 

^^AlCu 

0 

0 

JlgAlCu ♦ Kg-Al ,Cu5 

c 0 

V4:^kl€CM^ 

*^2“6'“5 

+ -c- ~ y-^^2 

0 

0 

Kfr^Al_Cu^ -► ^ 

p 5 2 

Al^Cu ^ -b- 

lOtAl^Cu 

KcA10.i + 
2 phases ? 

0 

0 

7 

KCgAl^Cu^ 

>;sAlCvi + 

2 phasia ? 

1 

0 

0 
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K«yt a«Low content In Mg| b— Ternary j 
^Phase described In ASTTl record. 
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Figure 5t Magnesium hydride obtained From 

turnings ot 100 miorons (specimen 

of figure 3), 4 hjdregimation deoemposition 

cycles* General view, 1 ton n 10 microns* 



Figure 6t Preceding sample^ details - 1 omi s 2 microns 








PhA«« diagram of Mg-Al systan (takan from Constitution 
of binary alloys. M* Hansan. Me Oraw Hill. 1958). 
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APfllPll I 


Davtlopaaat of rttMteh ttuiiat froa lovaaPar If7i to Moreli lf77i 

- rocoptioo of Sortorltto prooturisod thoraotoloooo <tliio bolooeo 
■okoo it pooaiblo to oporato op to ISO bars* 600*0* aat-up of 
auaillarp aqulpaaot for gao circolatloa) ; 

- automat ion of tha hydroiouation baach; 

- hydroganation taata of puro aotalat aagnaaiuo* titaniua* vaaadlua* 

> proparation and charactarlaation of aagnoaiua alloyo (Ng-m* Ng-Cu 

and Mg*Al ayotaas); 

- hydroganation atndy of Mg 2 >i and Ng 2 Cu$ 

- tooting tba Sartoriua balanea in haliua. Largo loaka wore dotactad; 
tbo dovico vaa* thus* aant back to tho aanufacturor. 

Froa April to Juno 1976: 

- proparation of tornary alloyo Ng-Al-Cu; 

- proparation of titanium alloyo: Ti*ki, Ti-Al and Ti-Al-Hi; 

- charactorization of ternary alloya obtained in ayatoa Ti*Al-Mi; 

- hydroganation of the preceding alloya; 

- unauccaaaful toatlng of tha pwoparatlon of ternary alloya Mg-Al-Mi; 

- now toat of tho Sartoriua balance. At ISO bare in holium* one of 
tbo laboratory tuboa oxplodod and doatroyod tbo aochanical part of 
the balance which waa than aont back to tho aanufacturor. 

July - Soptoabar. October - Docoabor 1977: 

- toota of tho proparation of alloya Ng-Ni-Al beginning with blnarioa 
Mg'Mi and Mg*Al: 

- aotting up an annaeling furnace in haliua or hydrogen; 

- conetruction of a vary high proaouro autoclave (2.000 bare at 700*C) 
uaod for tha study of alloys with high alualnua content; 


*Moat alloya liatod were prepared at the Centre d’Etudoa do Chiaio 
Netallurgique at Vitry in the laboratory of Hr. Blcot. 


beginning of tb* ndsorption ntudy on nlloyn Mg^Rl, on nlloyn 

Mg-Al» ti-Al and Ti~Al>Ni by aenns of volumetry. 

>n - June 1978: 

study of decomposition kinetics for MgH^ end for hydrides Mg-Al-B^ 
phy8lco"chemical characterization of interesting alloys (especially: 
logging and analysis of X diffraction spectra); 

- study of hydrogenating properties in the liquid phase of commercial 
hydrides (LaNi^), 

- setting up A microreactor for catalytic testing in the gaseous phase 

- adjustment vf the pressure autoclave; 

- adjustment of a Setaram thermobalance for pressurized operation. 
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APPIMDIX II 


M2 


tow pr«««ur« hydros«n«tlon •quipacnt 

A g«n«ral 8ch«n« Is provldsd In figurs A IX. Ths squlpmsat 
consists of 3 ports: 

> supply and purification of hydrogen. Hydrogan (Air Liquid* 
quality hydrogen) pasaes Into a Deoxo catalyst • then into a trap 
filled with 13 X zeolite and held at the temperature of liquid nitro- 
gen. Purified hydrogen is stored at 170 bars in an auxiliary tank; 

- middle section for pressure measurements. The pressure is read 
directly on a high-precision manometer and is recorded by means of a 
DJ instrument type IP pressure transducer* the linearity of which is 
guaranteed at O.IZ. The volumes Introduced may be calculated by using 
diagrams. The volumes obtained are measured in the water tank. All 
high pressure valves are SS4UWTFE Nupro valves making it possible to 
perform a secondary discharge; 

- hydrogenation autoclave. It is made of 800 incoloy. Imperviousness 
is ensured by an "S" SPG metal Joint which can operate at 6S0*C under 
150 bars. The rate of leakage of the set of equipment is extremely low 
(at 500°C. 150 bars, loss of less than 1 bar at the end of one week). 
The autoclave is placed in an os'.illating furniji^e with adjustable agi- 
tation and cyclical programming,! •* 



FIG. A. II 

Low prossuro hydrogonatlon oqulpnont. 


Koyi a»Saf«ty inaortf b»To vacuum ptimp) o«manomet«rs; 
d-Tran«duoor| o-Rocordori f-Pressuro roducari 
tank} h>Liquld nltrogon; l-Z«ollts trap} 
J-Drain} k-Hydrogenation coll and fUmaoe mountod 
on agitator. 
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APPBilPIX III 


High pr«B*ur« hydrogenation aqulpaant /44 

A ganaral achaaa la provided in figure A 111* In addition the 
supply of purified hydrogen* as in Appendix 1I» the equipnent includes^ 

- high pressure autoclave (2*000 bars at 600*C) . Inperviousneaa 
is also ensured by an SPB natal joint. The joint is located outside 
the furnace end is thus not subjected to teaperstures exceeding 400*C. 
Several thermocouples at the level of the seaples ensure homogeneous 
temperatures along the hydrogen supply conduit (passing through the 
top of the autoclave)* thus making it possible to determine the tem- 
perature profile (which is necessarr in order to calculate amount of 
hydrogen absorped by the sample) ; 

- a cryogenic compressor. Hydrogen under 200 bars Is supplied 

into an intermediate tank cooled with liquid nitrogen. The tank is 

then brought back to normal temperature and to a pressure of more 

than 750 bars. The autoclave is then connected to the tank. Pressure 

in the autoclave is controlled by the law P is congruent to 700 T * 

293 

l.e. 2,000 bars at 560”C. A series of cryogenic compressors generally 
make it possible to obtain pressures of about 2,000 bars at atmospheric 
temperature . 

The pressure is measured using a linear pressure transducer at 
about 0.11. The valves used are AE30VM 4 071 Engineer autoclaves. 
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FIG. A. Ill 


Low pressure hydrogenation equipment 


Key I a-Puri fieri b-Drain or vacutim} 

c-Transducer to recorder; d-Vacuum; 
e-High pressure cell; 



APPBHDIX IV 




Rec«nt BiblioBfphy on LlKht Alloy Hydtidtt 
1 ) Magneilua Alloy 

The formation and decompoaltion kinatlca of magnaalum hydride 
was studied by Stander (1) (2). The Initial superficial reaction 
corresponds to a two-dimensional growth of the seeds, the reaetion then 
becomes United by the diffusion. The diffusion coefficient decreases 
as the reaction and hydrogen pressure Increase. This Is why it Is dif- 
ficult to obtain a complete conversion of magnesium. The decomposition 
of hydrides Is limited by the rate of displacement of the reactlonal 
Interface, while germination has no effect. The rate of reaction is 
determined by deriving the difference between the applied pressure and 
the dissociation pressure of hydrides. The decomposition should he 
complete (for PH 2 congruent to 0) only at temperatures exceeding 330*C, 
according to Stander (2), and 380”C, according to Nametal (3). The 
decomposition kinetics of magnesium hydrides can be Improved by Intro- 
ducing various additives which serve both as catalysts and as a reserve 
of hydrogen available at atmospheric temperatures (4). 

The system Mg-Al-H was studied by Douglass (5) (6), Reilly and 
Wiswall (7) (8), Nametal. (3). The addition of aluminum leads to 
considerable destabilization. The most thorough study Is (8) on a 
series of Mg-Al alloys with compositions ranging from Mg to Mg^Al^. 

Only phase ^ (Mg^Al^) should lead to isotherms presenting well- 
defined plateaus. The dissociation pressure at a given temperature 
Is higher for this ternary hydride than for MgH^ (factor approximately 
3). In this work, hydrogenations are performed at high pressure (700 
bars). This study, nevertheless, remains fragmentary. The addition of 
aluminum should Improve formation and decomposition kinetics, at least 
for low contents (5) (6). 

Other binary alloys are also studied: Mg^^LA2(9); they form an 

unstable hydride, but have limited storage (1.5%), Mg^Ce and Mg^Mm 
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(Na ■ Mlsch««tall) ( 8 ). Alao invaatlgatad wava eoapounda R 2 ^ 8 | 5 Bi 5 t 
R 2 M 8 ^ 7 » ANg, KMgj* and alloya whara Mg la parciallp raplacad by 111 
(MB: rara aarth) (10). 

2) TITAMIUM ALLOYS 

YAMAMAKA at al. (4) hava brought to light a algnlf leant fact 
concerning the ayatan TlNl-H. At 270*C» under 130 bare of hydrogan» 
the fornation of the ternary hydride TIMIH^^^ la obaarvad} on the 
other hand) at 500*C» under the aaaa praaaura. TIH 2 la formed: 

3 T|L::i + 2 ?iH2 .+ 

The formed hydride will be decomposed, depending on the case, 
at 200“C (TlNlHj or at 500“C (T1H2 + 0.5 TlNl^); the final state 
will be the same in both cases (TlNl). 

Investigation of the system Tl-Al was conducted by Lundln et al 

(12) and by Rudman et al (13), (14). Ti^Al (phase o ) should lead 

to a general formula for hydrides: Tl-AIH,. Isotherms do not present 

-2 2 

defined pressure plateaus (F varies by 10 at 10 bars at 25°C). The 
thermodynamic properties of the system Ti^Al-H were studied with low 
hydrogen contents. The role of aluminum Is to block the tetrahedral 
sites and to Increase the dissociation pressure. For higher hydrogen 
contents, three phases are obtained below lOO^C. A pressure plateau 
of about 1 bar at 100*C should exist for H/M, between 0.4 and 1.5, 
approximately. The isotherms observed do not present pressure pla> / 48 
teaus. Above 200“C, the ternary hydride decomposes with formation 
of T1 TiH^. This system, thus, seems interesting for the storage of 
hydrogen on light vehicles. It should be pointed out that contrary 
to the compound TlFe, H/Tl ratios of more than 2 are obtained. 
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APPBMDIX V 
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Structure of the aixed hydride 

According to Reilly end tflewell (Inorg Chen. 1968* 7 (11) • 

2*254) ( hydride Mg.HlH, hee e tecragonel etructure with e ■ 6.464 
• 2 ^ 

c " 7.033 A. Teble A V glvee the llet for computed from theee 

values for experimental d'e. It Is observed that several intense 
rays are not Indexed. Furthermore* the agreement is only approxi- 
mative for other Intense rays. Intensity ratios remain constant 
for several testa performed on the baais of various samples of alloy 
Mg^Nl, which was* therefore* probably not e mixture. Accordingly* 
the structure proposed for Ng^NiH^ wee discarded. 
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ttCOKP OF COHCLU8IOM8 

Baelesad with th« Final Mpert /53 

Supplaaantary eoordinatad rasaareh act ion: Bpdrotaa 

Financial aaaiatanca grantad cot Inatitut Franeaia du Fatrola 
Grant Mo.: 76-7-1 507 

Laboratory: Racharchcs Chiniquaa da Baca 

Tha bacana affactiva on Movanbar 5 1976 

Sciantific Diractor: Mr. FREUMD 

Duration (*): 16 nonths 

Talapbona: 769-02-U, X 2, 453 

Munbar of raaaarcharc(**) : 2 

Coat (*): 299.950 F 

Purpoce of grant: to acsict tba invaatigation of bydrogan in tba 

fora of light alloya. aapacially aluninun and 
aagnaaiua. 

Orlainal Objactlvaa ; to find an alloy loading to an unatabla hydride 

(PH 2 ainilar to 1 bar abova 100*C) and atoraga 

capacity of at laaat 3X. 

Mere theae objactivea reachea ? If not, why? 

(We were able to examine hydridea with atorage and atability 
levela between thoae of aagneaiun hydride and unatable PeTiH| ^ hy- 
dridea.) 

Here reaulta obtained for other objectivea than thoae originally de- 
fined? If CO, what were theae objectivea? 

A new method of storing hydrogen was brought to light without 
the use of hydrides. 


(*) For the contract with any modification with or without financial 
assistance . 

(**) Inc luding those in the Isboratory who did not racoiva 
D.G.R.S.T financial assistance. 
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Should this fittol roDore bo hoot coal idoutlalt 


If oOi uhy pad for hou loaaT 


irch proloct booa roportod la aay acioatifie publlca 


tloaa? 


If ao» attach a Hat to tha racord of coacluaioaa la tho appaadls 


Have any pataata baaa takan out ralatiaa to thla proloct? 


no* but a patent ia baing applied for at praaant. 


If aot attach a daacriptlon to tha record of concluaion in tha appendix 


Can or should thia raaaarch project be continued? 


The investigation should be continued at two levels: aore thor> 

ough exploration (especially of complex systeas) with improved experl 
mental techniques (high pressure), detailed description of products 
obtained. 

Would you like to receive any D.G.R.S.T assistance for the purpose of 


the results obtained. 


Another petition for financial assistance has been submitted to DGKST. 


General Conclusion of the Research Prolect 







vli«tli«r th« solttfeioa pr«t«nt«d eaa eoapata with ethar aathoda of 
•eorago (pareiealarlpt aoaor aad llghtor eoatalaora). Baaleally» 
tho eritoria aaklag it poaaiblo to obtaia tba foraatioa of bydrldaa 
oa tba baale of pbyaleo-cbaaical data (eoapeoitioa, atabillty* 
atraetara) aaaa to bo aall dafiaod* 

Tbia project baa aada it poaaiblo to aaa aatallargical tacb- 
aiqaaa ia tba laboratory abieb coaid ba aaad ia otbar araaa* parti- 
calarly for catalyaia oa otbar aatallic alloya. 


